Yield in cereals is a function of grain number and size. Sucrose (Suc), the main carbohydrate product of photosynthesis in higher plants, is transported long distances from source leaves to sink organs such as seeds and roots. Here, we report that transgenic rice plants (Oryza sativa) expressing the Arabidopsis (Arabidopsis thaliana) phloem-specific Suc transporter (AtSUC2), which loads Suc into the phloem under control of the phloem protein2 promoter (pPP2), showed an increase in grain yield of up to 16% relative to wild-type plants in field trials. Compared with wild-type plants, pPP2::AtSUC2 plants had larger spikelet hulls and larger and heavier grains. Grain filling was accelerated in the transgenic plants, and more photoassimilate was transported from the leaves to the grain. In addition, microarray analyses revealed that carbohydrate, amino acid, and lipid metabolism was enhanced in the leaves and grain of pPP2::AtSUC2 plants. Thus, enhancing Suc loading represents a promising strategy to improve rice yield to feed the global population.
Rice (Oryza sativa) is a staple food for nearly one-half of the global population. Given the rapid growth of the world's population, there is an urgent need to increase rice yield. Rice yield is a complex trait that is directly associated with grain size, panicle number, and the number of grains per panicle (Xing and Zhang, 2010) . Increasing grain size is a prime breeding target, and several genes known to control rice grain size, such as GRAIN SIZE3 (GS3), GS5, GW2 QTL for rice grain width and weight (GW2), GW8, and rice seed width5, have been identified (Fan et al., 2006; Song et al., 2007; Shomura et al., 2008; Li et al., 2011a; Wang et al., 2012) . However, our knowledge of the mechanisms that control rice yield is limited. Thus, further improving rice yield remains a challenge for breeders (Sakamoto and Matsuoka, 2008) . Identifying and characterizing unique genes or targets that regulate yield traits would improve our understanding of the molecular mechanisms that regulate yield traits and facilitate the breeding of new rice varieties with higher yields.
The carbohydrates in rice grains originate from photosynthesis that is carried out predominantly in leaves (sources). Therefore, grain filling and rice yield depend on the efficient transport of carbohydrates from the leaves to seeds (sinks). In most plants, Suc is the main carbohydrate transported long distance in the veins to support the growth and development of roots, flowers, fruits, and seeds (Baker et al., 2012; Braun, 2012) . Recently, the entire pathway for the export of Suc from leaves has been elucidated (Baker et al., 2012; Braun, 2012) . Suc is synthesized in leaf mesophyll cells and diffuses from cell to cell through plasmodesmata until it reaches the phloem parenchyma cells (Slewinski and Braun, 2010) . The SWEET transporters mediate Suc efflux from the phloem parenchyma cells into the apoplast, where Suc is subsequently loaded into the phloem sieve element-companion cell (SE/CC) complexes by Suc transporters (SUTs; Braun and Slewinski, 2009; Ayre, 2011; Chen et al., 2012) . The resultant accumulation of Suc in sieve elements produces a hydrostatic pressure gradient that results in the bulk flow of Suc through a conduit of contiguous sieve elements, leading to its arrival and unloading in sink tissues (Lalonde et al., 2004; Baker et al., 2012) .
Genetic evidence has demonstrated that apoplastic Suc phloem loading is critical for growth, development, and reproduction in Arabidopsis (Arabidopsis thaliana). AtSWEET11 and AtSWEET12 are localized to the plasma membrane of the phloem and are expressed in a subset of phloem parenchyma cells in minor veins. These transporters mediate Suc efflux from phloem parenchyma cells into the apoplast prior to Suc uptake by SE/CC . The atsweet11 or atsweet12 single mutants exhibit no aberrant phenotypes, possibly due to genetic redundancy. However, atsweet11;12 double mutants are mildly chlorotic and display slower growth and higher levels of starch and sugar accumulation in the leaves than do wild-type plants . Arabidopsis phloem-specific sucrose transporter (AtSUC2) is a phloem-specific SUT that is expressed specifically in companion cells (Stadler and Sauer, 1996) . AtSUC2 plays an essential role in phloem Suc loading and is necessary for efficient Suc transport from source to sink tissues in Arabidopsis (Stadler and Sauer, 1996; Gottwald et al., 2000; Srivastava et al., 2008) . The atsuc2 mutants show stunted growth, retarded development, and sterility. Furthermore, these mutants accumulate excess starch in the leaves and fail to transport sugar efficiently to the roots and inflorescences (Gottwald et al., 2000) .
The proper control of carbohydrate partitioning is fundamental to crop yield (Braun, 2012) . It has been reported that increasing sink grain strength by improving assimilate uptake capacity could be a promising approach toward obtaining higher yield. For example, seed-specific overexpression of a potato (Solanum tuberosum) SUT increased Suc uptake and growth rates of developing pea (Pisum sativum) cotyledons (Rosche et al., 2002) . In addition, the Suc uptake capacity of grains and storage protein biosynthesis was increased in transgenic wheat (Triticum aestivum) plants expressing the barley (Hordeum vulgare) SUT HvSUT1 under the control of an endosperm-specific promoter (Weichert et al., 2010) . Moreover, it was recently found that these transgenic wheat plants had a higher thousand grain weight and grain width and length, as well as a 28% increase in grain yield (Saalbach et al., 2014) .
Since the carbohydrates in rice grains originate from photosynthesis in source leaves, and carbohydrate partitioning from source leaves to heterotrophic sinks (e.g. seeds) is mediated by Suc transport in plants (Lalonde et al., 2004; Ayre, 2011) , enhancing the capacity for Suc transport from leaves to seeds theoretically could increase crop yield. However, until now, enhancing Suc transport from leaves to seeds has not been shown to improve yield (Ainsworth and Bush, 2011 ).
Here, we tested the hypothesis that enhancing Suc transport from leaves to seeds would increase rice yield. We expressed Arabidopsis SUC2 under control of the phloem protein2 promoter (pPP2) in rice and found that enhancing Suc loading did indeed increase rice yield. The pPP2::AtSUC2 plants produced larger grain than the wild type and showed grain yield increases of up to 16% in field trials. Our results suggest that manipulating phloem Suc transport is a useful strategy for increasing grain yield in rice and other cereal crops.
RESULTS

Generation of Transgenic Rice Plants Expressing AtSUC2
We prepared a sense gene construct from the fulllength complementary DNA (cDNA) for the Arabidopsis phloem-specific Suc transporter AtSUC2 (Gottwald et al., 2000; Srivastava et al., 2008) in the pPP2 binary vector consisting of pCAMBIA1301 containing the strong companion cell-specific PP2-A1 promoter (Dinant et al., 2003 ; Supplemental Fig. S1 ). We expressed the resulting pPP2::AtSUC2 construct in rice by Agrobacterium tumefaciensmediated gene transfer and selected four independent homozygous T3 lines (L6, L9, L26, and L51) displaying high levels of AtSUC2 mRNA (Supplemental Fig. S1 ) for further analysis. Immunoblot analysis using antiserum against AtSUC2 revealed the presence of AtSUC2 in the transgenic lines, whereas no such protein was detected in wild-type plants (Supplemental Fig. S1 ). Transmission electron microscopy showed that AtSUC2 was overexpressed in the companion cell (Supplemental Fig. S2 ) and was absent from the sieve element cells, from the phloem parenchyma cells, and from the mesophyll cell of the leaves (Supplemental Fig. S2 ). Reverse transcription (RT)-PCR analysis demonstrated that expression of AtSUC2 was highest in flag leaves, followed by stems, roots, and seeds (Supplemental Fig. S1 ), suggesting that expression of AtSUC2 is not restricted to the flag leaf companion cells, and the pPP2 promoters is also active in other organs, such as stems, roots, and seeds.
Heterologous Expression of AtSUC2 Enhances Phloem Loading and Transport
Since AtSUC2 functions in Suc loading from the apoplasm into SE/CC (Stadler and Sauer, 1996; Gottwald et al., 2000) , we examined whether AtSUC2 expression would increase phloem transport from source leaves to sink organs (Fig. 1) . The leaves of seedlings were photosynthetically labeled with [ 14 C]CO 2 for 20 min in the middle of the light period, and roots were harvested to determine transport of label by scintillation counting. The pPP2::AtSUC2 plants transported a higher proportion of the label to the root than did wild-type plants (Fig. 1A) . This result suggests that more photoassimilate produced during the 20-min labeling period was loaded into the phloem and allocated to roots in the transgenic plants than in the wild-type plants.
We further examined whether the pPP2::AtSUC2 plants showed enhanced long-distance transport (Fig.  1B ) by determining the rate at which 14 C was exuded from cut leaves into EDTA solution, according to methods of Srivastava et al. (2008) and Dasgupta et al. (2014) . The phloem exudation rate in pPP2::AtSUC2 plants was higher than that in wild-type plants, suggesting that the transgenic plants had more efficient loading and transport of carbon in the phloem. The 14 C allocation to roots and phloem exudation rate both measure long-distance transport, which is dependent on loading efficiency, but neither measures phloem loading directly (Turgeon and Wolf, 2009 The grains, brown rice, and spikelet hulls were substantially wider and longer in the pPP2::AtSUC2 plants compared with wild-type plants (Fig. 2) . We further examined the effects of AtSUC2 expression on the agricultural and grain yield traits (Supplemental Fig.  S3 ), finding no significant differences in plant or panicle architecture between wild-type and transgenic plants. Although the number of grains per panicle was decreased in pPP2::AtSUC2 plants, the 1,000-grain weight and grain yield per plant were increased (Supplemental Fig. S3 ). Moreover, there was an increase of up to 16% in the plot grain yield over a 4-year period in pPP2:: AtSUC2 plants as compared with wild-type plants in field trials (Fig. 3 ). The pPP2::AtSUC2 plants also showed a significant increase in biomass per plant. The increased biomass of aboveground parts in pPP2:: AtSUC2 plants was associated with increased width of the leaves (Supplemental Fig. S4 ), which resulted from an increase in vein number (Supplemental Fig. S5 ). C in flag leaves of wild-type and pPP2::AtSUC2 rice plants. Labeling was performed on the flag leaves on the 10th day after fertilization. The data are expressed as means 6 SD of six plants. For A, B, D, and E, significant differences from the wild type are based on Student's t test (*, P , 0.05; and **, P , 0.01). For C, the differences between the wild-type and transgenic lines were significant at P , 0.01 at time points of 5, 10, 15, and 20 min based on Student's t test.
Since increased rice grain size may have a negative effect on rice grain quality (Song et al., 2007; Wang et al., 2012) , we investigated whether increased grain size in transgenic plants also affects grain quality (Supplemental Fig. S6 ). The grain quality mainly includes the following four aspects: cooking and eating quality, milling quality, appearance quality, and nutritional quality. A grain's cooking and eating quality traits are determined mainly by amylose content and gel consistency (Tan et al., 2001) . Amylose content and gel consistency did not differ significantly between wild-type and transgenic plants. There were also no significant differences in milling quality traits, brown rice percentage, and milled rice percentage between wild-type and transgenic plants. However, an appearance quality trait, chalky rice grain percentage, increased significantly in transgenic plants, whereas there were few differences with respect to head milled grain appearance between wildtype and transgenic plants. In addition, protein content, a nutritional quality, showed no significant difference between wild-type and transgenic plants. Overall, AtSUC2 expression in rice seems to enhance grain size and yield, but has little effect on appearance and no effect on cooking, eating, milling, or nutritional quality.
The Larger Spikelet Hulls of pPP2::AtSUC2 Plants Were Mainly Due to Increased Cell Number and Size
We examined cross and longitudinal sections of the spikelet hull in wild-type and transgenic plants before fertilization to investigate whether the increased size of spikelet hulls in transgenic plants was associated with an increase in cell number and/or size (Fig. 4) . The cross sections showed that the outer parenchyma cell layers of transgenic plants were longer and contained more cells than those of the wild type, whereas there were no changes in cell length, indicating that the increased width of the spikelet hull in transgenic plants resulted (top), brown rice (middle), and spikelets (bottom) in wild-type and four independent lines of pPP2::AtSUC2 (L6, L9, L26, and L51). Bars = 3 mm. B, Grain length, width, and thickness in wild-type and pPP2::AtSUC2 plants (n = 60 plants). C, Brown rice length, width, and thickness in wild-type and pPP2::AtSUC2 plants (n = 60 plants). D, Spikelet hull length and width just before heading in wild-type and pPP2::AtSUC2 plants (n = 60 plants). All data are given as means 6 SD. Asterisks indicate significant difference from the wild type (*, P , 0.05; Student's t test).
mainly from an increase in cell number, but not cell size. The longitudinal sections revealed that there were no significant differences in cell number between the parenchyma cell layer of wild-type and pPP2::AtSUC2 plants, whereas cells were longer in transgenic plants than in wild-type plants, suggesting that the increased length of the spikelet hull in pPP2::AtSUC2 plants was mainly due to an increase in cell size, but not cell number.
To investigate whether the increased grain size of transgenic plants is associated with altered regulation of genes controlling grain size and weight (Supplemental Fig. S7 ), we examined the transcriptional levels of genes/ quantitative trait loci known to control grain size. There were no significant differences in the expression levels of these genes between wild-type and transgenic plants, suggesting that the increased grain size in transgenic plants was not associated with changes in expression of the genes that control grain size. The increase in cell number in the outer parenchyma cell layer of transgenic plants suggests that expression of AtSUC2 may influence the regulation of cell division (De Veylder et al., 2007; Berckmans and De Veylder, 2009 ). Indeed, we observed that the mRNA transcript levels of genes thought to be involved in the G1-to-S transition, such as cyclin-dependent kinase-activating kinase1 (CAK1), CAK1A, cyclindependent kinase A1 (CDKA1), cyclin D3 (CYCD3), CYCT1, and histone1 (H1), were much higher in pPP2:: AtSUC2 plants than in wild-type plants (Supplemental Fig. S7 ), indicating that the expression of AtSUC2 regulates grain size by affecting the cell cycle machinery in rice.
Heterologous Expression of AtSUC2 Increases Grain Filling Rate
Since pPP2::AtSUC2 plants had a larger endosperm than wild-type plants (Fig. 2) , we compared the endosperm cells in cross sections of mature grains in wild-type and transgenic plants (Fig. 5, . Endosperm cells were larger in the pPP2::AtSUC2 plants than in wild-type plants, whereas there was no significant difference in endosperm cell number between wild-type and transgenic plants, suggesting that the increase in endosperm size in pPP2::AtSUC2 plants resulted mainly from an increase in cell size and not cell number.
We then investigated grain filling in the wild-type and transgenic plants by comparing the endosperm weight after fertilization (Fig. 5, E-G) . The endosperm fresh and dry weights were significantly higher in pPP2::AtSUC2 plants than in those of the wild type, starting 6 d after fertilization, and those differences almost reached a maximum 24 d after fertilization. These data suggest that the larger endosperms of pPP2::
AtSUC2 plants were associated with a faster rate of accumulation of photosynthetic carbohydrates during grain filling.
An analysis of CO 2 assimilation showed that there was no significant difference in CO 2 assimilation between wild-type and transgenic plants (Supplemental Fig S8) .
Gene Expression Analysis
We next investigated if the metabolic or phenotypic changes observed in pPP2::AtSUC2 plants could be correlated with changes in gene expression. We examined the expression of most of the genes in the rice genome using an Agilent rice microarray and RNA Tables S1 and S2 ). We selected genes that were up-regulated in flag leaves and developing seeds in wild-type and pPP2::AtSUC2 plants for gene ontology (GO) analysis. We conducted a Fisher's test to calculate the significance of the percentage distribution of GO annotations for comparison with those in the whole genome (Supplemental Figs. S9 and S10) .
Genes up-regulated by AtSUC2 expression in the flag leaves of transgenic plants had GO annotations highly associated with metabolic process, responses to stimulus, and biosynthetic process with a P value of 8.71 3 10 216 , 2.98 3 10 213 , and 2.033 10 25 , respectively (Supplemental Fig. S9 ), suggesting that genes related to metabolic and biosynthetic processes are overrepresented in the leaves of transgenic plants. Furthermore, genes up-regulated by AtSUC2 expression in the flag leaves of transgenic plants were highly related to primary metabolic process, nitrogen compound metabolic process, and carbohydrate metabolic process, with P values of 9.37 3 10 210 , 4.67 3 10 25 , and 1.52 3 10 23 , respectively (Supplemental Fig. S9 ). In addition, genes up-regulated by AtSUC2 expression in the flag leaves of transgenic plants were highly related to starch metabolic process and polysaccharide metabolic process (Supplemental Fig. S9 ). We further identified a group of 71 genes with different functional categories, and expression of these 71 genes was confirmed by real-time PCR (Supplemental Table S3 ). Of these, many genes were involved in the metabolism of carbohydrates, amino acids, and lipids. These data suggest that AtSUC2 expression enhances carbohydrate, amino acid, and lipid metabolism in leaves.
Genes upregulated by AtSUC2 expression in developing seeds of transgenic plants had GO annotations highly associated with metabolic process, transport, and biosynthetic process, with a P value of 2.86 3 10 215 , 7.83 3 10 27 , and 3.51 3 10 24 , respectively (Supplemental Fig. S10 ). Furthermore, genes up-regulated by AtSUC2 expression in developing seeds of transgenic plants were highly related to primary metabolic process, nitrogen compound metabolic process, and carbohydrate metabolic process, with P values of 5.25 3 10 29 , 9.64 3 10 24 , and 2.47 3 10
22
, respectively (Supplemental Fig. S10 ). In addition, genes up-regulated by AtSUC2 expression in developing seeds of transgenic plants were highly related to anion transport and cation transport (Supplemental Fig. S10 ). We also further identified a group of 95 genes with different functional categories, and expression of these 95 genes was confirmed by realtime PCR (Supplemental Table S4 ). Of these, many genes were involved in the metabolism of carbohydrates, amino acids, and lipids. In addition, we found that the expression of many genes encoding sugar, amino acid, lipid, and metal transporters was up-or down-regulated in transgenic plants. These results suggest that enhanced Suc loading leads to enhanced metabolism of carbohydrates, amino acids, and lipid and increased translocation of nutrients during seed development. Interestingly, our microarray data also showed that the expression of genes involved in embryo and endosperm development (CycB1;1) and rice grain filling (rice prolamin box-binding factor [RPBF]) was significantly upregulated in pPP2::AtSUC2 plants.
Leaf Carbon Metabolism and Transport Processes
To assess whether primary carbon metabolites are altered in transgenic plants, we determined the levels of Suc, Glc, Fru, and starch in fully expanded leaves (i.e. source leaves) on the 10th day after fertilization, since grain filling was rapid at this time point. There were no significant differences in the levels of starch, Suc, Fru, and Glc in pPP2::AtSUC2 compared with wild-type plants (Fig. 6, A-D) .
The above microarray data suggest that AtSUC2 expression enhances expression of genes involved in carbohydrate and amino acid metabolism and transport in leaves (Supplemental Fig. S9 ; Supplemental Table S3 ); thus, we analyzed if the increased grain weight in pPP2::AtSUC2 plants is consistent with the expression of genes associated with carbon metabolism and transport in leaf cells, and we examined the RNA levels of genes involved in starch and Suc biosynthesis and carbon transport in mature leaves on the 10th day after fertilization by real-time PCR (Fig. 6, E-G) . Among the genes that participate in starch biosynthesis in leaves, only the expression of those encoding branching enzyme I (BEI), ADP Glc pyrophosphorylase large subunit 2, and granule-bound starch synthase I (GBSSI) was increased. Among the genes involved in Suc biosynthesis in leaves, only the expression of those encoding UDP-Glc pyrophosphorylase 2 (UGP2) and cytosolic Fru-1,6-bisphosphatase 1 (cyFBP1) was increased in pPP2::AtSUC2 plants. We also examined the transcript levels of genes for Suc transporters and carbon metabolism-related plastidic translocators (Toyota et al., 2006; Braun and Slewinski, 2009; Ayre, 2011; Chen et al., 2012) . Only the transcript level of the gene encoding Suc transporter OsSUT1 was increased in transgenic plants.
Because of the strong interaction between C and N metabolism (Foyer et al., 2006) , we further examined differences in the expression of genes involved in N transport in mature leaves between wild-type and transgenic plants. There were no significant differences in total leaf N and soluble protein contents between wild-type and transgenic plants (Fig. 6, H and I ). In addition, the transcript levels of genes encoding amino acid transporter-like5 (OsATL5), nitrate transporter (OsNRT2.3a), and ammonium transporter (OsAMT1.2), Figure 6 . Analyses of starch, sugar, nitrogen, and gene expression involved in carbon metabolism and carbon and nitrogen transport in flag leaves of wild-type (WT) and pPP2::AtSUC2 rice plants. A, Leaf starch levels (n = 5). B. Leaf Suc levels (n = 5). C, Leaf Fru levels (n = 5). D, Leaf Glc levels (n = 5). DW, Dry weight. E, Analysis of genes involved in starch biosynthesis in flag leaves. F, Analysis of genes involved in Suc biosynthesis in flag leaves. G, Analysis of genes involved in carbon transport in flag leaves. H, Total nitrogen (n = 6). I, Soluble protein content (n = 6). J, Analysis of genes involved in nitrogen transport in flag leaves. Analyses were performed on the flag leaves on the 10th day after fertilization. All data are given as the mean 6 SD. Asterisks indicate significant difference from the wild type (**, P , 0.01). A Student's t test was used to generate the P values. For the analysis of gene expression, real-time PCR was performed, and five independent experiments were done for each line using Actin (Os01g0376700) as control gene. Shown is the fold change in gene expression relative to the wild type. Starch and sugar were determined at the end of day (ED) and end of night (EN), respectively. BEI (Os06g0726400), BEIIa (Os02g0528200), and BEIIb (Os02g0528200), encoding for starch-branching enzymes; AGPL1 (Os05g0580000), AGPL2 (Os01g0633100), AGPL3 (Os03g0735000), AGPL4 (Os07g0243200), AGPS1 (Os09g0298200), AGPS2a (Os08g0345800), and AGPS2b (Os08g0345800), encoding for ADP-Glc pyrophosphorylase subunits; SSI (Os06g0160700), SSIIa (Os06g0229800), SSIIb (Os02g0744700), SSIIc (Os10g0437600), SSIIIa (Os08g0191500), SSIIIb (Os04g0624600), SSIVa (Os01g0720600), and SSIVb (Os05g0533600), encoding for starch synthase; GBSSI (Os06g0133000) and GBSSII (Os07g0412100), encoding for granule-bound starch synthases; ISA2 (Os05g0395300) and ISA3 (Os09g0468700), encoding for isoamylases; SPP (Os01g0376700), encoding for Suc-phosphatase; UGP1 (Os01g0264100) and UGP2 (Os02g0117700), encoding for UDP-Glc pyrophosphorylases; SPS1 (Os01g0702900), SPS2 (Os02g0184400), and SPS6 (Os06g0634800), encoding for Suc-phosphate synthases; cyFBP1 which are known to be involved in N transport (Sonoda et al., 2003; Yan et al., 2011; Tang et al., 2012) , were upregulated in transgenic plants (Fig. 6J) . These results about expression of genes involved in carbon metabolism and carbon and nitrogen transport in leaves of wild-type and transgenic plants (Fig. 6) were consistent with microarray data observed in leaves of wild-type and transgenic plants (Supplemental Tables S1 and S3 ).
Seed Carbon Metabolism and Transport Processes
Since our microarray data also suggest that AtSUC2 expression enhances expression of genes involved in carbon and nitrogen metabolism and transport in developing seeds (Supplemental Figure S10 ; Supplemental Tables S2 and S4), we examined expression of genes involved in carbon and nitrogen transport, starch biosynthesis, and storage protein production in developing seeds in wild-type and transgenic plants by real-time PCR (Figs. 7 and 8 ). Percentage of carbon in the seeds of pPP2::AtSUC2 plants was comparable with those in wild-type plants (Fig. 7A ). The transcript levels of genes for Suc transporters and starch metabolism-related plastidic translocators were not changed in the seeds of pPP2::AtSUC2 plants (Fig. 7B) . However, the transcript levels of several genes involved in starch biosynthesis were increased, including those encoding BEI and ADP Glc pyrophosphorylase (AGPL1 and AGPS1; Fig. 7C ).
There were no significant changes in the total N and protein amounts between wild-type and pPP2::AtSUC2 plants (Fig. 8, A and B) . We further compared the expression of genes possibly involved in the transfer of amino acids to the seeds of wild-type and pPP2:: AtSUC2 plants Zhao et al., 2012) . Our results show that the expression of only encoding rice amino acid transporter7 (OsAAP7) was up-regulated in transgenic plants (Fig. 8C) . We also examined the expression of genes involved in seed storage protein biosynthesis in wild-type and transgenic plants. The expression of only Globulin1 was up-regulated in pPP2:: AtSUC2 plants (Fig. 8C) . These results of seed carbon and nitrogen metabolism and transport processes (Figs. 7 and 8) further confirm microarray data observed in developing seeds of wild-type and transgenic plants (Supplemental Tables S2 and S4 ).
DISCUSSION
In this study, we successfully generated transgenic rice plants that express AtSUC2 (Supplemental Fig. S1 ). The transgenic plants showed enhanced phloem loading and long-distance transport of Suc, and more photoassimilate from leaves was allocated to grains (Fig. 1) . Importantly, we found that this increased Suc loading was accompanied by substantially increased rice yield (Fig. 3) . Thus, our data support the conclusion that enhancing Suc loading by genetic engineering promoted rice yield.
The increased yield resulted primarily from increased grain size, which is associated with an increase in spikelet hull size and endosperm size (Fig. 2) . Seed development depends on the accumulation of storage starch and storage protein during grain filling. We found that the expression of BEI, AGPL1, and AGPS1, which are involved in storage starch production, was significantly induced in transgenic plants (Supplemental Table S4 ). AGPase is a key regulatory step in the starch biosynthesis pathway, and its activity strongly affects rice grain yield (Smidansky et al., 2002 (Smidansky et al., , 2003 Kawagoe et al., 2005; Li et al., 2011b; Hannah et al., 2012) . BEI has a specific role in determining the amylopectin fine structure in rice endosperm (Satoh et al., 2003) . Induction of AGPase and BEI in seeds of transgenic plants likely enhanced these activities and contributed to the increase in grain weight. In addition, CycB1;1 and CycD5;1 were up-regulated in the seeds of transgenic plants (Supplemental Table S2 ). OsCycB1;1 is critical for endosperm formation in rice and plays an important role in coordinating embryo and endosperm development. Therefore, up-regulating OsCycB1;1 expression in the seeds of transgenic plants may be a helpful strategy to promote endosperm development and increase grain weight (Guo et al., 2010) . Interestingly, our microarray data showed that the expression of the gene for RPBF was significantly induced in the transgenic plants (Supplemental Table S4 ). RPBF is a transcriptional activator of rice storage protein genes in vivo, and most rice seed storage protein genes are transactivated by RPBF (Yamamoto et al., 2006) . RPBF plays an important role during grain filling in rice (Kawakatsu et al., 2009) . Our finding that the RPBF gene was induced in transgenic plants suggests that the regulation of RPBF might play an important role in grain filling. Taken together, our results suggest that enhanced Suc loading leads to increased expression of genes involved in the accumulation of storage starch and storage protein and endosperm development in developing seeds, which contributes to increased endosperm size and grain weight in the transgenic plants.
Seed development also depends on the amount of Suc in source leaves that can be transported into seeds. The lack of significant difference in the level of Suc and CO 2 assimilation in leaves between wild-type and transgenic plants (Supplemental Fig. S8; Fig. 6 ) suggests that Suc fluxes, rather than steady-state levels, are affected in transgenic plants. Furthermore, we observed that the pPP2::AtSUC2 plants had wider leaves and thus larger leaf areas (Supplemental Fig. S4 ). The increased leaf area in the transgenic plants likely improves total photosynthetic performance and may Figure 6 . (Continued.) (Os01g0866400), encoding for Fru-1,6-bisphosphatase; PFPɑ (Os02g0714200), encoding for pyrophosphate-Fru 6-phosphate 1-phosphotransferase; PPase (Os01g0866500), encoding for pyrophosphatase.
increase carbon partitioning from source to sink organs, resulting in improved seed development. In addition, the pPP2::AtSUC2 plants showed a significant increase in the expression of genes, such as cyFBP1 and UGP2, that are involved in Suc biosynthesis in leaves ( Fig. 6F ; Kleczkowski et al., 2004; Lee et al., 2008) . These results suggest that enhanced Suc loading also promotes processes involved in Suc biosynthesis in rice leaves to maintain the steady-state level of Suc in the face of increased flux.
Although AtSUC2 expression did not increase the sugar content in the mature leaves of the transgenic rice plants, we were surprised to observe that the expression of OsSUT1 was significantly up-regulated in those leaves (Fig. 6G) . OsSUT1 primarily functions in phloem loading of Suc retrieved from the apoplasm along the transport pathway to maintain the supply of assimilate to the filling grain (Scofield et al., 2002 (Scofield et al., , 2007 . Thus, the increased Suc loading in the pPP2::AtSUC2 plants may trigger induction of OsSUT1, which may serve to enhance Suc loading from the apoplasm and further promote assimilate transport to the filling grain. In addition, the expression of several transporter genes (OsATL5, OsNRT2.3, and OsAMT1.2) involved in the remobilization of nitrogen was significantly up-regulated in the mature leaves of pPP2::AtSUC2 plants (Sonoda et al., 2003; Yan et al., 2011; Tang et al., 2012; Fig. 6J) . Thus, the enhanced Suc loading appears to coordinate nitrogen remobilization in the mature leaves of the transgenic plants. Our microarray data show that several classes of nutrient transport-related genes were regulated in the seeds of the transgenic plants (Supplemental Table S4 ). These genes include one encoding an amino acid transporter, two encoding sorbitol transporters, two encoding phosphate transporters, two encoding ATPbinding cassette transporters, one encoding a potassium transporter, one encoding a heavy metal transporter, one encoding a lipid transfer protein, and one encoding a member of the a-tocopherol transport family. These results suggest that enhanced Suc loading may also influence nutrient remobilization to seeds during grain filling.
SUTs can be divided into three clades: type I, II, and III according to phylogenetic analysis (Aoki et al., 2003; Reinders et al., 2012) . Type I SUTs are exclusive to eudicots, whereas type II and III SUTs exist in all plants. AtSUC2 and OsSUT1 are in different phylogenetic clades and belong to type I and II SUTs, respectively (Reinders et al., 2012) . In eudicot species, type I SUTs, such as AtSUC2 in Arabidopsis, are required for Figure 7 . Analyses of total carbon and expression levels of genes involved in carbon metabolism and transport in seeds of wildtype (WT) and pPP2::AtSUC2 rice plants. A, Total carbon levels (percentage) in dry seeds (n = 5). B, Analysis of genes involved in carbon transport in developing seeds on the 10th day after fertilization. C, Analysis of genes involved in starch biosynthesis in developing seeds on the 10th day after fertilization. All data are given as the mean 6 SD. Asterisks indicate significant difference from the wild type (**, P , 0.01). A Student's t test was used to generate the P values. For the analysis of gene expression, real-time PCR was performed, and five independent experiments were done for each line using Actin (Os01g0376700) as control gene. Shown is the fold change in gene expression relative to the wild type. BEI (Os06g0726400), BEIIa (Os02g0528200), and BEIIb (Os02g0528200), encoding for starch-branching enzymes; AGPL1 (Os05g0580000), AGPL2 (Os01g0633100), AGPL3 (Os03g0735000), AGPL4 (Os07g0243200), AGPS1 (Os09g0298200), AGPS2a (Os08g0345800), and AGPS2b (Os08g0345800), encoding for ADP-Glc pyrophosphorylase subunits; SSI (Os06g0160700), SSIIa (Os06g0229800), SSIIb (Os02g0744700), SSIIc (Os10g0437600), SSIIIa (Os08g0191500), SSIIIb (Os04g0624600), SSIVa (Os01g0720600), and SSIVb (Os05g0533600), encoding for starch synthase; GBSSI (Os06g0133000) and GBSSII (Os07g0412100), encoding for granule-bound starch synthases; ISA2 (Os05g0395300) and ISA3 (Os09g0468700), encoding for isoamylases. Susy1 (Os06g0194900), Susy2 (Os03g0401300), and Susy3 (Os07g0616800), encoding for Suc synthases; PPDKB (Os05g0405000), encoding for pyruvate phosphate dikinase; PGIa (Os09g0465600) and PGIb (Os06g0256500), encoding for phosphoglucose isomerases; Amy3B (Os09g0457500), Amy3C (Os09g0457800), Amy3D (Os08g0473900), and Amy3E (Os08g0473600), encoding for alpha-amylase isozymes.
loading Suc into the phloem (Gottwald et al., 2000) . Monocot species such as rice lack type I SUTs (e.g. AtSUC2), and they use type II SUTs for Suc phloem loading ). There are differences in substrate affinity and specificity between type I and II SUTs (Reinders et al., 2012) . Transport activities of OsSUT1 and AtSUC2 were already analyzed. AtSUC2 was found to have a higher apparent affinity for Suc (1.44 mM) compared with OsSUT1 (7.5 mM; Chandran et al., 2003; Sun et al., 2010) . In addition, differences in substrate specificity between type I SUTs such as AtSUC2 and type II SUTs such as OsSUT1 were identified. AtSUC2 appeared to be more selective than OsSUT1 Reinders et al., 2012) , suggesting that the substrate specificity of phloem loading in eudicots is different from that in monocots. However, OsSUT1 can complement the growth reduction caused by the loss of AtSUC2 in Arabidopsis (Sun and Ward, 2012) , indicating that difference in substrate specificity between type I and II SUTs may not reflect a significant difference in physiological function (e.g. Suc phloem loading). Thus, the difference in activity between AtSUC2 and OsSUT1 may be important to achieve the increase in yield in rice. Since rice does not have type I SUTs, AtSUC2 expression in rice may be helpful to have more Suc phloem loading and more Suc transported to grains, leading to increased yield in rice.
It was recently reported that the expression of Suc transporter cDNAs specifically in companion cells results in increased phloem loading and long-distance transport of Suc, but inhibition of growth in Arabidopsis, due to phosphate limitation (Dasgupta et al., 2014) . These results suggest that enhancing sugar transport may disrupt carbon and phosphate homeostasis in Arabidopsis. It is also possible that the inhibition of growth in these plants is due to decreased photosynthesis (Dasgupta et al., 2014) . By contrast, our results demonstrate that the expression of the Suc transporter AtSUC2 specifically in companion cells of rice led to increased phloem loading and longdistance transport of Suc as well as an increase in leaf growth and grain yield in rice. One possible explanation is that our study focused the grain-filling process in rice, which is predominantly Suc derived, whereas the study by Dasgupta et al. (2014) focused on vegetative growth, which may require a different balance of phloemtransported nutrients.
Phloem loading of Suc is the first step of longdistance transport of photoassimilate from source leaves to sink organs. Three phloem loading strategies have been identified: two active mechanisms (i.e. apoplastic phloem loading via Suc transporters and symplastic polymer trapping) and one passive mechanism (i.e. the symplastic phloem loading pathway; Eom et al., 2012) . Although the phloem loading mechanisms in rice have not been elucidated, both apoplastic and symplastic phloem loading pathways could exist, based on observations of the ultrastructure of vascular bundles Figure 8 . Nitrogen levels and expression of genes involved in nitrogen transport and production of storage protein in seeds of wild-type (WT) and pPP2::AtSUC2 rice plants. All data are given as the mean 6 SD. Asterisks indicate significant difference from the wild type (**, P , 0.01). A Student's t test was used to generate the P values. A, Total nitrogen in dry seeds (n = 5). B, Protein content in dry seeds (n = 5). C, Real-time PCR analysis of genes involved in nitrogen transport in developing seeds on the 10th day after fertilization. Five independent experiments were done for each line using Actin (Os01g0376700) as control gene. Shown is the fold change in gene expression relative to the wild type. (D) Real-time PCR analysis of genes involved in production of storage protein in developing seeds on the 10th day after fertilization. Five independent experiments were done for each line using Actin (Os01g0376700) as control gene. Shown is the fold change in gene expression relative to the wild type. OsAAP7 (Os05g0424000), OsAAP8 (Os01g0882800), and OsAAP11 (Os11g0195600), encoding for amino acid transporters 7, 8, and 11, respectively; GluA1 (Os01g0762500), GluA2 (Os10g0400200), GluA3 (Os03g0427300), GluB1 (Os02g0249800), and GluB4 (Os02g0242600), encoding for glutelin A1, A2, A3, B1, and B4, respectively; Globulin1 (Os03g0663800), Globulin2 (Os03g0793700), 11S-globulin (Os05g0116000), and 19 kD globulin (Os05g0499100), encoding for different globulin species; 10-, 13-, and 17-kD prolamin (Os03g0766100, Os07g0219400, Os06g0507100, respectively), encoding for prolamins with different size; RA16 (Os07g0214600), RA17 (Os03g0791200), RA5B (Os07g0215500), RAG2 (Os07g0214300), and RG21 (Os02g0268100), encoding for species of rice allergenic proteins; AlaAT (Os10g0390500), encoding for Ala aminotransferase; PDI (Os11g0199200), encoding for protein disulfate isomerase. (Kaneko et al., 1980; Chonan et al., 1984) . It has been proposed that rice uses a passive symplastic pathway to translocate Suc through plasmodesmata into the phloem of the minor vein (Eom et al., 2012) . However, the results of our study suggest that phloem loading of Suc through the apoplastic phloem loading pathway may also play an important role in the long-distance transport of photoassimilate from source leaves to grains in rice.
In conclusion, our results show that enhancing phloem Suc loading increases grain size and substantially enhances grain yield in rice. This work establishes that Suc loading controls seed size and grain yield. Our results demonstrate that manipulating phloem Suc loading could be useful for increasing grain yields in rice and other cereal crops.
MATERIALS AND METHODS
Generation of Transgenic Rice Plants
AtSUC2 cDNA (1,539 bp; accession no. At1g22710) was fused to the companion cell-specific PP2-A1 promoter, pPP2 (1,500-bp fragment carrying the promoter region of AtPP2-A1; accession no. At4g19840) and the nopaline synthase (NOS) terminator (260 bp; accession no. DQ005463). The pPP2::AtSUC2:: NOS construct was cloned into the pCAMBIA1301 binary vector. The resultant construct was introduced into Agrobacterium tumefaciens strain GV3101. For transformation, calli were induced from mature seeds and transformed via Agrobacterium tumefaciens-mediated transformation (Hiei et al., 1994) . Individual transgenic plants were selected on the basis of resistance to 75 mg L 21 hygromycin in one-half-strength Murashige and Skoog medium. The resistant lines were transplanted into soil and grown in a greenhouse (28°C). T1 plants were backcrossed to the wild type. The homozygous T 3 seeds were used for further experiments.
Plant Materials, Growth Conditions, and Measurements of Agronomic Traits
The wild-type rice (Oryza sativa) used in this study was the japonica variety, 'Zhonghua 11.' The wild-type and transgenic plants were grown in a field station in Beijing, China, from May through October 2010 to 2013. Each line was grown in eight replicates in paddy fields laid out in a randomized complete block design, with plots of 60 plants arranged in four rows of 15 plants each. The distance between the plants in a row was 16.5 cm, and the distance between rows was 26 cm. The plants were maintained under routine management practices. The grain length, width, and thickness; the number of primary and secondary branches; and the number of effective grains were determined when the seeds were harvested. Plant height and tiller number were determined just after flowering. The biomass and seed weight measurements were carried out after harvesting, and dry mature plants and seeds were kept at 42°C for 1 week. For each line, data from 60 individual plants were obtained and subjected to statistical analyses.
Determination of Rice Grain Quality
The contents of amylose and gel consistency were measured as described previously (Song et al., 2007) . The protein content was measured by the Kjeldahl method (Kjeltec System 1002, Tecator). The brown rice percentage, milled rice percentage, and chalky rice grain percentage were measured according to previously reported methods (Tan et al., 2001 ).
Determination of Suc, Glc, Fru, Starch, and Total Carbon and Nitrogen Suc, Glc, and Fru were analyzed by an HPLC system (Agilent Technologies 1200 series) as previously described (Eom et al., 2011) . Starch was measured enzymatically (Lee et al., 2005) . Total carbon and nitrogen in dried rice flour and leaves were determined using a TOC/TNb analyzer (Elementar Analysensysteme GmbH), and protein content was calculated by multiplying the percentage of total nitrogen by a conversion factor of 5.26 for rice grains and leaves (Fujihara et al., 2008) .
CO 2 Assimilation
CO 2 assimilation was measured in attached leaves using a portable gas-exchange system (Li-6400, Li-Cor) at a sequentially changed photon flux density, leaf temperature of 25°C, and reference CO 2 concentration of 350 mmol mol 2 1 .
Immunoblot and SDS-PAGE Analysis
Immunoblot and SDS-PAGE analyses were performed according to our previous studies (Peng et al., 2006; Liu et al., 2012) using AtSUC2 antibody. For immunoblot analysis, total proteins were prepared and quantified as previously described (Ouyang et al., 2011) .
Immunogold Electron Microscopy
Immunoelectron microscopy experiments were carried out as previously described (Saito et al., 2009; Li et al., 2011c) . In brief, nickel grids carrying ultrathin leaf sections were sequentially floated in 0.01 M sodium phosphate buffer (PBS, pH 7.2) containing 5% (w/v) bovine serum albumin for 5 min, and then for 1 h at 37°C in PBS containing diluted anti-AtSUC2 antibody (1:10,000). After several washes in PBS, sections were incubated for 1 h at 37°C in PBS containing goat anti-rabbit IgG antibody conjugated to 10 nm colloidal gold (1:40, Sigma-Aldrich). After five washes with PBS, ultrathin sections were washed with distilled water, air dried, and counterstained with 2% (w/v) uranyl acetate. Images were observed at 80 kV with a JEOL 1400 transmission electron microscope and captured with a Fastscan F214 digital camera (TVIPS).
Histological Analysis
Spikelet hulls just before heading, mature rice grain, and leaf blades were fixed in formaldehyde-acetic acid solution (60% [v/v] ethanol, 5% [v/v] formaldehyde, and 5% [v/v] acetic acid) for 24 h, dehydrated in an ethanol series, and finally embedded in Epon812 resin (Shell Chemical, USA). Tissue sections (4-8 mm thick) were cut with a rotary microtome, mounted, and stained with toluidine blue. The sections were photographed under a light microscope (Olympus BX51) coupled to a DP70 CCD camera. The length of the cells was determined using ImageJ (National Institutes of Health).
Radiolabeling and EDTA Exudate Analysis
Partitioning of 14 CO 2 fed in flag leaves of rice grown under field conditions was determined according to Yang et al. (2001) . Flag leaves from six main stems of wild-type and transgenic plants were labeled with 14 CO 2 on the day of fertilization and on the 10th day after fertilization. Labeling was performed between 9 AM and 11 AM on a clear day with photosynthetically active radiation at the top of the canopy ranging from 1,100 to 1,200 mmol m 22 s 21 . The whole flag leaf was placed in a polyethylene chamber (25-cm length and 4-cm diameter) and sealed with tape and plasticine to obtain a gas-tight seal. Six milliliters of air in the chamber was drawn out, and the same volume of gas was injected into the chamber containing 0.01 mol L 2 1 CO 2 at a specific radioactivity of 14 C at 1.48 MBq L 2 1 . The chamber was removed after 0.5 h. The labeled plants were sampled at maturity. Each plant was divided into two parts: grains and the remaining aboveground portion. Samples were dried at 80°C to a constant weight, ground into powder, and then extracted by shaking in 630 g L 21 boiling ethanol. The 14 C radioactivity in the extracted aliquots was then measured by scintillation counting. Radioactivity distribution in grains was expressed as a percentage of the total radioactivity of the aboveground portion of the plant. To investigate phloem transport, an EDTA exudation method (Srivastava et al., 2008; Dasgupta et al., 2014) was used to collect phloem sap from the leaf blades of wild-type and transgenic plants after photosynthetic labeling with [ leaves, and then the end of the leaf blades were cut again under EDTA solution.
Exudates from the first 20 min were discarded, because there may be contamination from cut cells, and subsequent exudates from each of two 1-h periods were collected. The 14 C-radioactivity in exudates was then measured by scintillation counting.
To analyze 14 C transport to roots in wild-type and transgenic plants, rice seedlings were grown using the hydroponic culture method with one-half-strength concentrated Murashige and Skoog medium through which seedling roots could be collected easily. Seedlings were grown in a 14-h-light/10-h-dark cycle (260 mmol m 22 s 21 ) at a constant temperature of 29°C for 10 d. The whole leaves of each seedling were labeled 6 to 8 h into a 16-h-light cycle. The labeling procedure was the same as described above for flag leaves. The distribution of 14 C in roots and shoots of individual seedlings was determined by scintillation counting. Suc uptake was determined as described by Leterrier et al. (2003) and Dasgupta et al. (2014) . Leaf blade discs were excised with a cork borer from flag leaves on the 10th day after fertilization. The discs were incubated in incubation medium (20 mM MES[ pH 5.8], 175 mM mannitol, 0.5 mM CaCl 2 , 0.5 mM K 2 SO 4 ) for a 20-min period. The incubation medium was then replaced with the same medium supplemented with [
14 C]Suc (1 mM Suc, 10
MBq mL 21 ). At the end of the incubation period, leaf discs were rinsed three times for 3 min each with the incubation medium. Then, the discs were digested in a solution of perchloric acid (65% [w/w]) and hydrogen peroxide (33% [w/w]) at 55°C for 16 h. Radioactivity was counted by scintillation counting. Scintillation counting was performed using a liquid scintillation counter (Packard Tricarb 1900TR, Packard Instruments).
RNA Isolation, cDNA Synthesis, RT-PCR, and Quantitative Real-Time RT-PCR
Procedures for the purification of total RNAs for cDNA synthesis, RT-PCR, and quantitative real-time RT-PCR (for primers used, see Supplemental Table  S5 ) were carried out according to our previous study (Chi et al., 2008) . Amplified Actin was used as an internal control for normalization.
Microarray Hybridization and Data Analysis
For the microarray experiment, Agilent 4*44K rice oligoarrays containing 43,803 features were used. Twelve chips were hybridized for microarray experiments. There were two sample types (flag leaves and seeds 10 d after fertilization), two genotypes (the wild type and the transgenic line, L51), and three biological replicates per genotype. Total RNA was prepared using TRIzol reagent (Invitrogen), and the mRNA was isolated from total RNAs using an RNAeasy Mini Kit (Qiagen). Microarray hybridization was carried out in a Hybridization Chamber (Agilent, G2534A) according to procedures provided by the company. The microarrays were scanned with an Agilent instrument (G2565BA), and the quality of the chip data was analyzed using R statistical language and the Limma package of the Bioconductor project (http://www. bioconductor.org/). Acquired signals were normalized internally and across all arrays as described by Smyth and Speed (2003) , and the average signals of replicates were used for analysis. Linear models and empirical Bayes methods were applied to identify the differentially expressed genes (Smyth, 2004) . The genes that were up-or down-regulated .1.5-fold with a P value ,0.05 (without applying correction) in transgenic plants as compared with the wild type were identified. Last, GO terms enriched in up-regulated genes were identified with GO::TermFinder (Boyle et al., 2004) . Raw P values of GO term enrichment were corrected for multiple tests using false discovery rate (Benjamini and Hochberg, 1995) . Expression data are available from the National Center for Biotechnology Gene Expression Omnibus repository (www.ncbi.nlm.nih.gov/geo/) under accession number GSE74024.
Antiserum Production
To produce polyclonal antibodies against AtSUC2, two synthetic peptides, ETQTGELDQPERLRK (amino acids 17-31) and QAENHRRDHGGAKTG (amino acids 384-398), were conjugated with keyhole limpet hemocyanin and used to immunize rabbits. Antibodies were affinity purified using a cyanogen bromide-activated Sepharose 4B column (Sigma-Aldrich) conjugated with the peptides. The dilution ratio for antibody against AtSUC2 in the immunoblots was 1:10,000.
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Supplemental Figure S1 . Characterization of pPP2::AtSUC2 rice plants.
Supplemental Figure S2 . Localization of AtSUC2 in leaves of wild-type and pPP2::AtSUC2 rice plants (line 51).
Supplemental Figure S3 . Phenotype and grain yield of wild-type and pPP2::AtSUC2 rice plants.
Supplemental Figure S4 . Leaf length and width and biomass of wild-type and pPP2::AtSUC2 rice plants.
Supplemental Figure S5 . Histological analyses of flag leaves on the 10th day after fertilization in wild-type and pPP2::AtSUC2 rice plants.
Supplemental Figure S6 . Comparisons of grain quality traits between wild-type and pPP2::AtSUC2 rice plants.
